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SPECIFIC IMPULSE OF MINIATURE MOTORS i
EMPLOYING CRYOGENIC FUELS

P. V. Semenikhin

The literature [1], [2] contains certain information on /50%
the possible specific parameters of miniature rocket motors using
cryogenic fuels. Single-component cold systems are examined,

i.e., systems in which the fuel does not burn in the chamber.

When comparing the different fuels, we have the following
expression for the effective specific impulse

PSp
sSp T 1.r)|{,l_”i (l)

3 7!’

where Y is the density of the material used in the fuel tank;
0 — permissible stress in the tank material;

P_ — pressure of saturated fuel vapors;
Yp — fuel density;

P — specific thrust developed by the engine on this fuel.

Based on analysis of the different cryogenic fuels, relation-
ship (1) may be used to give certain recommendations on selecting

the most effective fuell

¥Numbers in the margin indicate pagination of original
foreign text.



Relationship (1) is established under the assumption that
the mass of a motor using a cryogenic fuel is composed of the
mass of the fuel and the mass of the fuel tank, i.e.,

Gy = Gm, + Gy, (2)
where G01 is the tank mass;

GT — fuel mass.
1

This is not completely true. Actually, the mass of the
tank and the fuel is calculated according to the formula

(‘m, . 1Vr.
e | (3)

G =151 p,V,. 7
. . ()4)

where VT is the fuel volume.

We thus have

O ] ’
Go=151 L1 G, = ma,,. (5)

The total impulse of the system is

I ='Psp1 . GTl' (6)

Substituting the values of the terms in I from (6), (5), and
(4), we obtain Relationship (1).



If this equation is valid, we can then reach the following

conclusion.

In cold pneumatic systems, their mass is primarily determined /51
by the mass of the fuel and the mass of the tanks, i.e.,

Gy Ou+ Gy, | (7)

since

1,5 RT
0}. l'l{g /\,rilo;n,, ) (8)

where R is the fuel-constant;

Ti — ifs initial temperature.

Then the mass of the pneumatic system may be written as

G2 = G, (1 + m,), \ (9)

where

[N
M, = —2e /
- 0.

The specific impulse of the pneumatic system is

P
= _SP2
Tspa = am | (10)

For a cryogenic system, in accordance with (5), (4), (2),
and (1), the specific impulse may be represented as

P
=__§EL (ll)

Isp1 .+m|'>



Let us find the ratio between the specific impulses‘of the
systems. In agreement with (10) and (11), we obtain

(12)

With identical fuels and one and the same parameters of the
gas in front of the nozzle, we have

P =P
Spa SP2
and
z A my
l"”‘_l (13)
Since mz » 1, (13) may be written as
i ] (14)
and
ISpl =_7?ESP2' (15)

Calculating z for certain fuels gives the following values:

(a) for hydrogen z = 500;

(b) for nitrogen z 70.

As calculations show [3], the value of the specific impulse
for gaseous nitrogen is 176.



Thus, when changing to liquified.nitrogen, if (1) holds, we
obtain the specific impulse

= v7n = 15.annMesEC
Isp1 17670 12300 e

N
\n
N

As may be seen, this value of the impulse is not realistic.

|

An estimate of the specific parameters using (1) may lead to
great error, both in estimating the mass of the engine, and in
selecting the most economical fuel. This may be explained by
the fact that relationship (1) does not include several values
which determine the mass of the system.

A cryogenic fuel cannot be stored in ordinary tanks, since
it boils at low temperatures. Therefore, tanks with the fuel
must be insulated. The mass of such tanks will differ greatly
from that determined by relationship (4). Insulation of the
tank does not exclude the flow of heat to the fuel, i.e., evapor-
ation of the fuel 1s unavoidable. Fuel losses from evaporation
must be taken into account in the general mass of the system,
since part of the fuel vapors will be discarded while retaining
the pressure in the tank constant. These losses depend on the
heat exchange between the tank and the outside environment, the
thrust level, and the engine operational mode.

For evaporation of fuel, 1t is necessary to expend a certain
amount of energy before it enters the nozzle, and also a device
is necessary for heating and evaporation, i.e., a heat exchanger.
The energy consumption for evaporation and heating of a liquid
gas 1s determined by the specific heat, liquid density, and
latent heat of the vaporization. This energy may be obtained
from the energy sources on board, which increases the total mass
of the system or, for'example, from the sun, electron devices
when they are cooled, etc.



All of this — the energy source and the heat exchanger —
also are included in the general mass of the system with cryo-
~genic fuel. Thus, in general form the mass of a system with
cryogenic fuel will be determined by the sum of all the given
values, i.e.,

G =G, + G

P 5 + Gi + GSe + G + G, (16)

TO 1°

where Gi’ GTO’ Gse’ and GZ are the masses of the insulatlon for

the tanks, the heat exchanger, the energy source, and the fuel

loss.

The specific effective impulse 1s given from the following

P
o * T2 T3 =E - —, (17)
1 + GG + 5 + se + o + GZ
where

Gy 2 \
-— Gl
G, = 5=

i GT
b—w':,_.filf_ ,

N G'
se -GT ?
G = 1

7 GT



The term Isp’ as a function of the relative masses, provides

a convenient form for rapidly determining the effectiveness of a
certain fuel and the mass of the system for a known total impulse.
Usually, an analysis of the control system gives the magnitude of

the total impulse or the thrust level, the time, and the off-duty
factor of the engine. The total impulse is determined by the /53

———

formula

T-Psp = PeAT, (18)
where P is the engine thrust;

A — off-duty factor; and

T — time.

Then the mass of the engine may be written as

G = —TI——SP- (19)

Calculations using this method for a system utilizing solar
energy have shown that in the region of moderate total impulse
values around 40,000 to 70,000 N sec and a thrust level of 3.0 to
5.0 N.oon liquid nitrogen, we may obtain a specific impulse which
is approximately four times greater than in a system with a gas
fuel.

To a great extent, the specific impulse depends on the
operational time, the engine thrust level, and the off-duty

factor.



REFERENCES
1. Voprosy raketnoy tekhniki, No. 2, 1962, p. 7; No. 6, 1963
and 1964.
2. Astronavtika i raketnyye dvigateli, No. 27, 1967.

3. Semenikhin, P. V. 1IVUZ, Aviatsionnaya tekhnika, No. 2,
1966.

Translated for National Aeronautics and Space Administration
under contract No. NASW 2483, by SCITRAN, P. O. Box 5456, Santa
Barbara, California, 93108.



